Abstract-The electromagnetic losses and shielding efficiency of shields for a buried three phase high voltage cable are studied for several shielding configurations. The shields are U-shaped gutters covered with plates, and the power cables are positioned either in trefoil or in flat configuration. The shielding efficiency and the losses are compared for shields with the same geometry but several shielding materials: aluminium, and two ferromagnetic steel grades. The numerical models are validated with experimental results. From the experiments, it is observed that the average reducing factor of the flux density is about 7 with the flat cable configuration while the average reducing factor of the flux density is about 5 with the trefoil cable configuration. But the power losses in the DX52 shield for trefoil configuration is about 40% lower compared to the flat configuration. In case of trefoil configuration, the losses are 12.14 W/m per meter length in the shield for a current of 750 A. Next to the shield material and the cable configuration, the paper investigates the influence of several parameters on both the shielding efficiency and the losses: the size of the shield, the current amplitude in the cable and the thickness of the shield.
INTRODUCTION
Extremely low frequency (ELF) magnetic fields cause a considerable disturbance of the operation and accuracy of sensitive electrical and electronic equipment [1] and may cause health hazards for human beings [2, 3] . The exposure limit values may change from country to country. They are regulated by law or by communities, and have a tendency to decrease more and more. We consider the levels of the European community, in particular the recommendation for field exposure limits for the general public [4] . Examples of ELF sources are, e.g., power cables, switchyards, substations, and industrial and transformer centres. Especially, the buried high voltage and underground cables have drawn a great deal of attention recently. To reduce the magnetic field produced by the magnetic sources, several methods have been proposed such as phase arrangement in the power cables [5, 6] , compensating passive loops [7, 8] , and shielding by conductive or ferromagnetic materials [9, 10] .
A lot of shield structures and configurations can be used in the magnetic shielding for buried cables such as open and closed shield configurations. According to [9] , it can be concluded that open shield configurations (e.g., flat sheets above buried cables) can have good shielding performance if they are large, thick and if there is a minimal distance between the cables and the shield. Furthermore, in [11] , a much better shielding efficiency is found for closed shields than for open shield configurations. The literature describes several possible closed shield structures for three-phase cables: a steel pipe [12] , an infinitely long cylinder of hexagonal cross-section which is a longitudinal juxtaposition of two doubly bent laminations [10] , and U-shaped gutters covered with plates [9, 13] .
In [14] , a hybrid method based on unimoment method is presented for investigating the electromagnetic shielding of sources within a steel pipe or a tube made of ferromagnetic material. In [15] , the eddycurrent loss was calculated with regard to balanced and unbalanced currents in a pipe-type cable using a numerical method (FEM). In [16] , an analytical solution is presented for the approximation of losses in a steel casing with multiple cables inside the pipe and an arbitrary cable arrangement. The analytical method is based on the theory of images and on the method of filaments. In addition, the iron power losses can be calculated according to the statistical theory [17] in the soft magnetic materials.
Therefore, it is interesting to investigate a closed shield configuration consisting of a U-shaped gutter with a flat cover plate ( Fig. 1 Figure 1 . Geometry in the xy-plane of the buried HV cables and the shielding configuration.
can be done easily. Furthermore, if we make a good shielding, we should consider not only shielding efficiency but also power losses in the shield as well as shield cost. This paper investigates electromagnetic losses in magnetic shielding for HV cables. The shield losses are studied for three materials with 3 mm thickness: two electrically conducting and ferromagnetic shielding materials with nonlinear hysteretic behavior (Magnetil and DX52, both from ArcelorMittal), and a non-ferromagnetic and electrically conducting shielding material (aluminium). The shield geometry consists of U-shaped gutters covered with plates in the same material. This allows the readers to choose which material is the best for a given shielding problem. The paper focuses both on the shielding performance and on the losses in the shield. A good shield should have both a high shielding efficiency and low electromagnetic losses. We are convinced that both aspects should be studied together.
MAGNETIC SHIELDING OF THE BURIED HIGH VOLTAGE CABLES
The goal of the research is to find both the best shielding factor and the lowest power losses in the shield. The geometry of the studied shielding application is shown in Fig. 1 . Table 1 gives the dimensions, on the one hand of the simulated real application, and on the other hand of the reduced scale experiment. The shielded region is outside the shield, above the ground surface. The source region is inside in the shield.
The goal is to study the shielding efficiency that is defined in dB in a point as:
where B 0 is the magnetic field density without shield present and B S is the magnetic field density in the same point with shield.
MODELS

FEM Model
The 2-D Finite element model (FEM) is a time-harmonic model with the vector potentialĀ as unknown. The model can be defined as:
here, ω is the angular frequency, σ is the conductivity,J e is external current density, and µ is the permeability which is a function of the flux density to model hysteresis and nonlinearity for the ferromagnetic materials. In the case of nonlinearity, the FEM requires iterative solving. The 2-D FEM has typically 137881 degrees of freedom. An example of the 2D FEM mesh structure with trefoil cable and the shield configuration is shown in Fig. 2 . We used the commercial software package Comsol. The parametric studies were programmed in a Matlab environment with an interface to Comsol. We consider three types of shielding material during the FEM simulation for the shielding application: two electrically conducting and ferromagnetic shielding materials (Magnetil and DX52), and a non-ferromagnetic and electrically conducting shielding material (Aluminium). The first two materials use a nonlinear constitutive law obtained from hysteresis loop measurements on strips of the shielding material with nonlinear hysteretic behavior in an Epstein frame. Loops were measured at 0.5 Hz for DX52, at 0.2 Hz for the Magnetil material, and the single valued characteristics were found from the peak values of H and B. Fig. 3 shows the characteristic of the magnetic permeabilities µ(B) and measured hysteresis loops in the BH plane for these ferromagnetic shielding materials: a rather high quality grade with high permeability and low hysteresis loss (Magnetil), and a cheaper grade with lower permeability and higher hysteresis loss (DX52).
The electrical conductivities σ were obtained from a 4-point measurement on a rectangular sample of the shield materials. The value is 6.48 MS/m and 8.50 MS/m for DX52 and Magnetil, respectively. The densities are 7580 kg/m 3 for DX52, 7800 kg/m 3 for Magnetil. And also, as a non-ferromagnetic and electrically conducting shielding material we consider a typical aluminium alloy for eddy currents applications, with relative magnetic permeability µ r = 1, conductivity σ = 36 MS/m, density = 2700 kg/m 3 .
Loss Model
The iron losses in soft magnetic materials can be separated into three components; hysteresis losses, classical losses and excess losses [18] [19] [20] . The total losses P are:
where P h , P c and P e are hysteresis, classical (eddy current), and excess losses, respectively. The several loss contributions for the two electrically conducting and ferromagnetic shielding materials are shown in Fig. 4 . The hysteresis losses are found from low frequency hysteresis loop measurements. As a consequence of the relatively high thickness of the strips, a frequency of 0.2 Hz was chosen to minimize eddy currents in the laminations. It can be observed from Fig. 4 (c) that DX52 has about 3 times more hysteresis loss than Magnetil. The shape of the quasi-static loops in Fig. 3(b) shows the much higher coercive field of DX52, as well as the much lower permeability. The reason to choose these two materials with equal thickness of 3 mm, is to compare the "high quality" Magnetil, designed for shielding applications, with a cheap hot rolled steel DX52. The classical losses can be computed in the strip with known dimensions. This was done with a 2D FEM of the strip cross section. The measured electrical conductivity and the static BHcharacteristic were implemented as properties. The magnetic field is imposed at the edges of the material. Notice that the often used formula π 2 /6σd 2 f 2 B 2 is not valid for the frequency of 50 Hz (or higher) because the penetration depth is smaller than (half of) the material thickness. Given the high lamination thickness, the classical losses are the dominant loss contribution: Fig. 4(b) .
The excess loss is obtained by measuring the total losses of dynamic BH -loops, and subtracting the hysteresis and classical loss. The excess loss is low for the considered materials: Fig. 4(d) .
SIMULATION RESULTS
Without Shielding
The low-frequency magnetic field produced by buried high-voltage (HV) cables can reach levels of a few µT or more, close to the cable. The magnetic induction level depends on the currents in the cables, the distance from the cables, the distance between the conductors and the cable configuration. In the case without shield, the simulations have been carried out for the trefoil and flat cable configurations and several distances between the cables. Fig. 5 shows the variation of the magnetic flux density along the x-axis for several distances between the cables, which are in (a) flat and (b) trefoil configuration. As a function of the distance between the cables, the induction level is calculated at h m = 1 m above the surface of the ground, for a nominal current of 1500 A rms per phase and for flat and trefoil cable configurations. From  Fig. 5 , it is observed that the magnetic flux density values depend on the distance between cables and the cable configuration. For the flat configuration, the maximum induction value is 24.29 µT for d = 0.3 m and 8.21 µT for d = 0.1 m. The trefoil cable configuration gives a better reduction of the magnetic flux density than the flat configuration. For example, the average reduction of the magnetic field density for the trefoil configuration is 13% better than a flat configuration in the case without shield, where the same distance s = d = 0.2 m between the cables is considered for both cable configurations.
Additionally, the magnetic flux density distribution along the xaxis for the trefoil configuration (s = 0.20 m) at several heights h m is shown in Fig. 6 . From Fig. 6 , it is observed that the magnetic field level strongly depends on the height of the evaluation points. For example, the maximum of the flux density levels is found to be 47.41 µT and 9.75 µT at h m = 0 m and h m = 1.5 m, respectively. Table 2 shows a comparison of the shielding efficiency and the losses in the shield for several cable configurations and several materials. Concerning the shielding efficiency, it is observed that the magnetic shielding efficiency is best for Magnetil, but it is not bad for DX52 and aluminium either. Additionally, the flat configuration gives a better shielding efficiency than the trefoil configuration because the cable position is closer to the shield in the flat configuration, which can be seen in Fig. 7 . This gives rise to a higher field, but also to a higher average permeability of the shield material. However, in flat configuration, the induction levels in the observation points are higher in spite of the better shielding efficiency, and also the losses are higher than in trefoil configuration. That leads to the conclusion that the trefoil configuration is the preferred configuration from shielding point of view. The best material is Magnetil. Concerning the losses, the two ferromagnetic materials are not much different for a given cable configuration, in spite of the high difference in shielding performance. The losses in the Aluminium shield are much lower. When comparing the flat and the trefoil configuration, the flat configuration causes approximately double losses in the ferromagnetic shields. The aluminium shield is preferred when low loss is important.
Shielding with U-shaped Gutters and Cover Plates
Influence of Cable Configuration and Shield Material on the Shielding Efficiency and Losses in the Shield
The material cost is also an important issue to be considered in shielding design. As the power cables may be shielded along hundreds of meters or even kilometers of power line, large quantities of the material will be needed. Hence, the material choice is one of the important issues in terms of shielding cost. The cost of the active material of the shield is given Table 2. Notice that the cost for the shield production and the shield installation in situ are not included. The shields price is given for several materials in euro/ton (price of (a) (b) • DX52 is a hot-rolled, galvanized material with a price of 500-700 euro/ton. In the computations, we used 600 euro/ton. • Magnetil has a price of 700-1000 euro/ton 1 . In the computations, we used 850 euro/ton. ( 1 Currently, Magnetil is not produced any more by Arcelor-Mittal).
• Aluminium has a price of 2600 euro/ton.
From Table 2 , it is clear that DX52 is the cheapest solution.
Influence of Size of the Shield on the Shielding Efficiency and Losses
In order to see the effect of the shield size, we define a scaling parameter k, which rescales the shield height and width. If we change the scaling parameter, we only change the shield size without touching the other parameters. If k = 1, all shield dimensions are the same as in Table 1 . The shield thickness, the current, and the size and position of the cables are unchanged, and the cable configuration is trefoil. Based on 2D FEM, Fig. 8(a) shows the shielding efficiency versus scaling parameter k. In Fig. 8(a) , and further figures, "shielding efficiency" means the average field reduction on the x-axis and h m = 1 m. It is clear that in the ferromagnetic shields, the shielding efficiency improves for lower k because the permeability is higher for smaller shields: for weak fields, a higher induction leads to a higher permeability: Fig. 3(a) . However, the shielding efficiency increases for the aluminium shield, for higher k because the enclosed surface increases. Figure 8 (b) shows the total power losses in W per meter shield length versus the scaling parameter k. It is clear that in all the shields, larger shields give lower losses because the average induction level decreases with increased shield sizes. For example, the average induction in the DX52 shield for k = 0.8 and k = 1.6 is calculated to be 0.117 T and 0.035 T, respectively.
Effect of the Current Amplitude on the Shielding Efficiency and Losses
Figure 9(a) shows the shielding efficiency as a function of the current amplitude in the cables. The shielding efficiency improves with increasing current amplitude for the two electrically conducting and ferromagnetic shielding materials because of the nonlinear magnetic characteristic of the gutters. Indeed, a large part of the shield is in the Rayleigh region (weak fields) where the permeability is lower.
Evidently, the shielding factor does not change for the non-ferromagnetic and electrically conducting shielding material (aluminium). Figure 9 (b) shows the total losses in W/m shield length as a function of the current amplitude in the cables for the considered materials. The power losses are bigger for Magnetil and DX52 than for Aluminium. The losses increase almost quadratically with increasing current amplitude for all the materials. 
Effect of the Shield Thickness on the Shielding Efficiency and Losses
We have considered the trefoil configuration in this section with s = 0.2 m and other dimensions given in Table 1 . It is evident that the shielding effectiveness improves with increasing material thickness. Fig. 10(a) shows that especially for Magnetil, the increased thickness improves strongly the shielding performance. Although this may seem an incentive to increase the material thickness of 3 mm, the increased cost and weight of the shields are a reason to choose the shield not thicker than necessary. Almost all shields realise 20 dB field reduction, which is sufficient for most applications to comply with the reference levels of the government. The losses versus thickness for several materials are shown in W/m shield length in Fig. 10(b) . The losses do almost not change for the ferromagnetic materials with increasing material thickness: as the shield is thicker than the penetration depth, almost no current is flowing in the shielded edge of the thick ferromagnetic shields. The losses decrease with increasing thickness for aluminium, because the current density is reduced. For instance, the averaged current density in the aluminium shield for lower t = 2 mm and higher t = 8 mm are 3.73 × 10 5 A/m 2 and 9.50 × 10 4 A/m 2 , respectively.
EXPERIMENTAL SETUP, RESULTS AND VALIDATION
In order to verify the simulation results in the previous section, we have made an experimental setup at reduced scale of 1 : 2 illustrated in Fig. 11 . The experimental setup consists of a circuit breaker, an adjustable three-phase resistance, a three phase autotransformer, and a special three phase transformer that is connected to the bus-bar cables. The bus-bar cables are short-circuited at the end of the 8 m long HV line in the setup. The resistance and the auto transformer are used to control the balance and the amplitude of the current. In the experimental setup, the three HV cables are copper bars with cross section 50 × 5 mm, that carry adjustable balanced three phase currents up to 750 A rms. The shield in 3 mm thick hot rolled galvanized material (ArcelorMittal) has a conductivity and induction dependent permeability given in Section 3 and Fig. 3 . The magnetic field measuring system uses a three-axial commercial field meter (accuracy ±3%, range 0.01 µT to 200 µT, and bandwidth from 30 Hz to 2000 Hz).
In order to ensure a good electrical contact between adjacent gutter elements, the conical U-shaped gutters were installed under an axial force causing high contact pressure between overlapping parts. The cover plates were connected to the U-shaped gutters by clips.
Computed and measured magnetic flux density results, distributed along the x-axis at h m = 0.25 m are shown in Fig. 12 . These results validate the computations with the 2D FEM. For instance, we compare in Table 3 the results of this model with measurements of the magnetic flux density and shielding efficiency for both flat and trefoil configurations. In flat configuration, the shielding efficiencies are 18.45 and 18.53 with measurements and 2D FEM, respectively. In trefoil, the obtained shielding efficiencies are 15.13 and 16.37 with measurements and 2D FEM, respectively.
It is observed that -in comparison with the trefoil configuration Computed and measured magnetic flux density distribution along the x-axis at H = 1 m for (a) flat configuration and (b) trefoil configuration.
-the flat configuration results in a significantly higher average induction B 0 in absence of a shield, while the average induction B s is slightly lower when the shield is present: the magnetic field in the shield is too low in trefoil configuration to bring the shield in its region of high permeability.
Nevertheless, the flat configuration causes almost double losses: see the loss values in Fig. 13 and Table 4 . The classical loss is the dominant component, which is evident because of the 3 mm shield 
CONCLUSION
The electromagnetic losses and shielding efficiency of shields for a buried three phase high voltage cable are studied with simulations and experiments for several shielding configurations.
For shielding materials, the shielding efficiency and the losses are compared for shields with the same geometry: aluminium, and two ferromagnetic steel grades (Magnetil and DX52). From 2D FEM, it is observed that the magnetic shielding efficiency is better for Magnetil (high permeability) than for DX52 (lower permeability) and for aluminium.
Concerning the cable configuration, the flat configuration shows a little higher shielding efficiency compared to the trefoil configuration, but nevertheless the remaining field is higher. Moreover, arrangement of the cables in trefoil configuration gives almost 50% lower losses than the flat configuration in the present shielding system. As a result we can say that trefoil configuration is optimum in the shielding system because of lower losses and adequate shielding efficiency.
The shield size has a relatively small effect on the shielding: a larger shield slightly decreases the shielding efficiency for the ferromagnetic shields, and increases it for aluminum. However, the losses strongly decrease with increasing size, because the average induction level is much weaker in a large shield.
As a function of the current amplitude, the shielding efficiency is constant for aluminum, but it increases for the ferromagnetic shields because their average permeability increases. The losses increase almost quadratically with increasing current amplitude for all materials.
With increasing shield thickness, the shielding effectiveness improves without causing higher losses.
The over-all conclusion is that: If the best shielding effectiveness for a given thickness is required, a high permeability material like Magnetil is preferred.
If a low cost per meter shield is required, a ferromagnetic grade with lower permeability can be used.
If low magnetic losses in the shield are important, aluminum is preferred.
